There is an increasing awareness that drinking water contributes to sporadic gastrointestinal illness (GI) in high income countries of the northern hemisphere. A literature search was conducted in order to review: (1) methods used for investigating the effects of public drinking water on GI; (2) evidence of possible dose-response relationship between sporadic GI and drinking water consumption; and (3) association between sporadic GI and factors affecting drinking water quality. Seventy-four articles were selected, key findings and information gaps were identified. In-home intervention studies have only been conducted in areas using surface water sources and intervention studies in communities supplied by ground water are therefore needed. Community-wide intervention studies may constitute a cost-effective alternative to in-home intervention studies. Proxy data that correlate with GI in the community can be used for detecting changes in the incidence of GI. Proxy data can, however, not be used for measuring the prevalence of illness. Local conditions affecting water safety may vary greatly, making direct comparisons between studies difficult unless sufficient knowledge about these conditions is acquired. Drinking water in high-income countries contributes to endemic levels of GI and there are public health benefits for further improvements of drinking water safety.
INTRODUCTION
A number of pathogenic microorganisms in the form of viruses, bacteria and protozoa can spread via drinking water, causing illness in the population (Ashbolt ) . Globally, contaminated drinking water is a large public health problem, especially in many low-income countries (WHO ). In high-income countries, drinking water safety problems are rarely acknowledged, except for in occasional events when larger outbreaks of gastrointestinal illness (GI) are linked to drinking water. Caliciviruses (e.g. norovirus) and Campylobacter are the major pathogens causing waterborne outbreaks of GI in high-income countries; however, pathogenic Escherichia coli, Salmonella, Shigella, rotavirus, Giardia and Cryptosporidium are also occasionally involved (Guzman-Herrador et al. ) . To date, the largest outbreak linked to drinking water in high-income countries was caused by Cryptosporidium, with over 400,000 people becoming ill in Milwaukee, USA (Dunn et al. ) . Waterborne outbreaks are generally caused by extraordinary events leading to large numbers of reported cases. However, even when water supplies are carefully managed and meet drinking water standards for microbiological quality, drinking water can still become contaminated. This may lead to a few cases that are apparently sporadic, most of which are exhibiting mild symptoms. These cases are never reported and are therefore harder to detect. Such sporadic cases may be caused by situations when microbiological barriers of a water treatment plant are insufficient for removing high levels of contamination. Pathogens might also be introduced into the distribution system if water pressure is low or temporarily lost. Contaminated drinking water causes sporadic cases of GI that, to some extent, contribute to the endemic burden of illness in high-income countries (Colford et In order to reduce the burden of disease attributed to drinking water it is important to gain knowledge of factors that may affectand to what degree they affectthe safety of drinking water. Certain aspects of the relationship between drinking water and GI have been the subject of several previous reviews. Household intervention trials (Colford et al. ) , community interventions (Calderon & Craun ) and observational studies (Craun & Calderon ) The present review covers the drinking water system, from raw water source to distribution networks (source to tap) and its potential health effects on consumers. The review outline is based on the types of data and study designs used in different studies, and these are discussed in separate sections. The structure within each section is arranged roughly according to the source-to-tap concept.
Our aim is to provide a broad, updated and critical overview of the existing scientific literature, focusing on methods that have been used to study public drinking water and its contribution to endemic gastroenteritis in high-income countries of the northern hemisphere.
METHODS
This review investigates the following questions:
1. What methods have been used to estimate the burden of GI caused by public drinking water? 2. Do studies report a dose-response relationship between GI and the amount of water intake, when water production and distribution are in normal operation?
3. Is endemic GI affected by raw-water quality, drinking water quality, water treatment methods, water distribution and/or weather events?
The search strategy was structured according to the Population-Exposure-Outcome model (Higgins & Green ) . Using this model different terms representing the exposure are combined with terms representing the outcome (supplementary Table S1 , available with the online version of this paper). Additional terms were used to limit the search with regard to geography, time period, type of publication, etc. Exposure was represented by terms concerning public drinking water and water quality, extreme weather events that are commonly associated with deterioration of the water quality, as well as incidents or other unwanted circumstances that may have a negative impact on the drinking water supply. The outcome section of the search was composed of terms representing GI. MeSH terms in PubMed were used in order to capture studies of GI in general as well as studies of GI caused by specific pathogens.
We searched for peer-reviewed papers recorded in PubMed between January 1990 and May 2016. A full set of search terms is available in Table S1 . Two expert reviewers at the National Food Agency (NFA) independently assessed each study according to a list of pre-determined criteria (Table 1) . Articles were initially screened according to title and abstract. Articles that were deemed eligible by either one or both reviewers during screening of abstracts were then reviewed in full text by both reviewers and were subsequently included only if both reviewers were in agreement. If consensus could not be reached by discussion, a third reviewer at the NFA assessed the article in full text.
Additional papers that were identified in the reference list of the included articles were also included in the review, if they fulfilled our selection criteria. This paper presents a qualitative overview of the included studies and no meta-analysis was carried out.
While the search strategy and the selection process was systematic, no systematic evaluation of the quality of the studies was performed.
RESULTS AND DISCUSSION

Selection of articles
The PubMed database search yielded a total of 5,652 references. Additionally six articles were identified from reference lists and other sources. Seventy-four articles met the selection criteria and were included in this review ( Figure 1) .
Study designs and data types
Among the selected articles several different outcome measurements were used to study the effect of drinking water. Information about GI was collected via health-care systems, from proxy data or directly from studied cohorts.
By proxy data we here refer to indicators which are likely to correlate with GI incidence in the community. Several of the included studies used internet search volumes or drug sales data. In the cohort studies GI was measured as self-reported symptoms. Different definitions of gastrointestinal disease were used in different studies and this may affect comparability between studies. For self-reported GI there is a higher degree of recall bias if longer recall periods are used. Some symptoms, such as nausea, can also be subjective and difficult to measure. Among the included papers Table 2 ). The different methodologies and types of data are summarized in Table 3 .
The systematic search resulted in articles representing both observational studies and intervention studies. In observational studies data collection is made without interfering with the studied population. Case-control studies, cohort studies, ecological studies and cross-sectional studies are all types of observational studies and all of these were also captured in our literature search (Table 3) .
ECOLOGICAL STUDIES
Ecological studies using indirect measurements of GI GI has been examined by using indirect measurements of GI. While such data do not give any information about the prevalence of GI per se, they correlate with the prevalence of GI and may therefore be used as a proxy to detect differences in the prevalence of disease. One example is the prescription or sales of drugs used for treatment of GI.
Four French studies have used such data to analyse possible spatiotemporal correlations of GI with drinking water quality. Two studies conducted in the same city detected an increase in sales of drugs used for treatment of GI after sudden spikes in turbidity of both raw water and drinking water (Beaudeau et al. , ) . The city used ground water from a karstic aquifer susceptible to surface water con- 
Ecological studies using telephone triage data
Several studies have measured changes in the number of telephone calls to health information centres. Health information centres are often used as a means for triaging, giving advice for home treatment or, in case of more severe illness, directing the caller to primary health care or the emergency room. Such data can be considered as a form of health care data as the data are, at least in some countries, stored in the form of patient journals. A major difference however is that the prevalence data consist entirely of self-reported illnesses which may be more subjective than a medical diagnosis. In a Canadian area using river water treated with pre-chlorination, flocculation, filtration, ozonation and post-chlorination, an increase in drinking water turbidity was associated with an increased number of calls to a health information telephone centre (Gilbert et al. ) . In a Swedish city, which is supplied by surface water from a river, high levels of precipitation were associated with increased numbers of GI-related calls to a nurse advice line (Tornevi et al. ) . In the same city, a similar study investigated disturbances in either water production process or the number of pipe breaks. In this study there was, however, no significant correlation with GI-related calls (Malm et al. ) . The lack of relationship in the latter study was likely to be due to the fact that most disturbances were low-risk events. Gilbert et al. () concludes that the lag times between periods of high drinking water turbidity levels and increased number of GI-related calls showed that people preferred to use nurse advice telephone lines during rainy days instead of visiting primary health care facilities. Telephone data have a potential to be useful in epidemiological research since the sheer amount of data over time provides high statistical power, facilitating the analysis of variables that may correlate with GI prevalence in the population.
Ecological studies using health care data
The majority of studies identified in this review use health care statistics for investigating differences in the incidence of GI in relation to drinking water. Information from health care is often reported through International Classification of Diseases (ICD) codes. Health care statistics can be based on laboratory-confirmed cases of specific pathogens or more general classifications based on gastrointestinal symptoms. Since the degree of under-reporting is high for GI, health care statistics underestimate the real prevalence of GI (FSA ). This is particularly the case with pathogens causing GI with short duration times, such as norovirus, for which people rarely seek medical attention.
Due to under-reporting, large study populations are required for detecting potential relationships between GI and drinking water. One advantage of health care data is that information about the number of cases diagnosed with communicable diseases is easy to collect in many countries.
Health care statistics are also very useful for detecting changes in the incidence of disease and to generate hypotheses about which factors may be important to drinking water safety.
The quality of the water source determines the need for microbiological barriers in water treatment plants. The most common types of raw water are ground and surface water sources. Surface water, typically lakes and rivers, generally has a poorer microbiological quality than ground water and is considered to require more treatment than ground water. Ground water production, on the other hand, could be more vulnerable to contamination because, if contamination occurs, few treatment plants have enough barriers for reducing it. In our review, several studies compared regions using different types of water sources. In a study from the USA, areas using municipal water from a mix of surface and ground water sources had an increased inci- 
Case-control studies
In the previous section we provided an overview of studies 
Cross-sectional studies
Cross-sectional studies measure the prevalence of an outcome, for example, GI at a single point in time. In contrast to case-control studies, which tend to use health care data with diagnosed cases, the cross-sectional design relies on self-reported illness. A disadvantage of this is that infections by particular pathogens cannot be studied. In addition, self-reported illness can be highly subjective and therefore it is important to use case definitions. An advantage, however, is the possibility to reduce recall bias and that cross-sectional studies may capture many of the cases that are otherwise unreported when using other methods.
Since cross-sectional studies only measure a single point in time it is not possible to detect any trends in incidence or to evaluate the effects of seasonal variation. This limits the usefulness of cross-sectional studies when evaluating the relationship between drinking water and GI. Interviews in respondents' homes were used to investigate the rate of self-reported AGI in a socioeconomically challenged rural area in the USA. Households which had experienced quality problems such as low pressure, loss of service or taste and odour problems had a higher risk for AGI during the previous 7 days. Measured drinking water turbidity and water pressure was, however, not associated with risk for AGI (Stauber et al. ) .
In a Norwegian study, using mail questionnaires, GI among children was shown to be lower among users of chlorinated drinking water compared with users of unchlorinated drinking water. No difference in risk for GI was detected among adults (Kuusi et al. ) . The study was conducted on a national level and no information was collected about type of raw water, water treatment processes or water consumption. Since several different types of municipal water were included, it is difficult to assess whether chlorination or confounding factors such as raw water quality or other water treatment methods reduced the risk of GI.
Three cross-sectional telephone surveys, measuring water consumption and self-reported cases of GI, were performed in Canada. Jones et al. () found an association between self-reported GI in the previous 28 days and the amount of unboiled tap water consumed in the last 24 hours, which was used as an indicator of habitual daily consumption. No association could, however, be established between GI and type of raw water source. In another telephone survey, self-reported AGI in the previous 28 days was not associated with raw water source, water consumption or in-home water treatment. Self-reported AGI was, however, related to precipitation and AGI increased after a period of very low precipitation during the summer, as well as following a period of high precipitation during the autumn among users of surface water. AGI was also more common among ground water users after high levels of precipitation during the summer (Febriani et al. ) .
Cohort studies
While cross-sectional studies provide a snapshot of the GI prevalence, cohort studies are observational studies which follow a population over a period of time, sometimes many years. This allows for collecting more data, increasing the power of statistical analysis, and may also capture variations in prevalence over time. Cohort studies often use similar means for data collection (e.g., telephone interviews)
as cross-sectional studies; however, they may also use patient registers.
In several studies the prevalence of antibodies against certain pathogens has been used as a measure of exposure to pathogens. Seroprevalence of Giardia and Campylobacter varies among users of different surface water sources. Isaac-Renton et al. () found dissimilarities in seroprevalence of IgM antibodies against Giardia between regions using different water sources in Canada, but no statistical analysis was carried out and it is not possible to know if this could be attributed to differences between water sources or to other differences between the regions. In another study from the USA, higher seroprevalence of IgG antibodies against Cryptosporidium was detected among blood donors from a region with filtered and chlorinated surface water compared to residents from a region with chlorinated ground water (Frost et al. ) . Blood donors living in the surface water region were also more exposed to other potential risk factors such as swimming and drinking untreated water.
In a French study, detection of astrovirus and Giardia in both raw water and tap water was associated with an increased risk of self-reported gastrointestinal symptoms Since cohort studies follow a population over a time period there is a possibility to study changes in water treatment methods that are being implemented during the study period. Implementation of changes in a water treatment plant can be viewed as a community-wide intervention and provides an opportunity for investigating the effects of different water treatment methods since the health effect on a large number of individuals can potentially be studied.
During a Canadian cohort study, hospital discharge records and billing records from physicians were analysed in relation to type of water source at the patients' addresses (Teschke et al. ) . At the beginning of the study only a few surface water works used chlorination, but at the end of the study most surface water works had introduced chlorination. Unchlorinated water, both from surface and ground water sources, was identified as a risk factor for physician visits for GI. The effect of precipitation was also analysed among users of surface water but no statistically significant relationship between GI and precipitation was observed.
Using health diaries, the prevalence of GI was studied among the elderly or families with children in a study conducted in the USA. During the study the local water treatment plant changed from using unfiltered and chlorinated surface water to using coagulation, high-rate granular filtration with anthracite, ozonation and chlorination. No change in the incidence of self-reported GI could be detected after the installation (Frost et al. , ) . A reason for this could be that the raw water source was a well-protected watershed with low levels of microbiological contamination. The studies also had a small number of study participants and may have failed to detect small changes in the incidence of gastroenteritis.
Implementation of UV-disinfection at water production plants previously using undisinfected ground water was associated with a decrease in self-reported AGI (Borchardt Cohort studies have also been employed to investigate the health effects of disturbances in the drinking water distribution systems. In a US study, individuals living in households that experienced more than 7 days of low water pressure or loss of water service had an increased risk for self-reported gastrointestinal symptoms (Gargano et al. ) . There was also a trend for increasing risk of gastrointestinal symptoms during longer periods of low water pressure or loss of water service. This trend might however not directly be caused by contaminated drinking water as it is difficult to maintain basic hygiene during long periods without access to potable water. This increases the risk for transmission of infectious disease through other routes than drinking water. Although an increase in self-reported GI was detected, health care utilization did not increase in the area. This demonstrates that data from hospital care might not detect small increases in disease.
In a Norwegian study, households were interviewed by telephone about prevalence of AGI 8-14 days after a lowpressure event in their water distribution system (Nygård et al. ) . Breaks and maintenance work in the water distribution systems were associated with a higher risk of AGI and risk was even higher for events when pressure was low for 6 hours or longer and for individuals drinking more than one glass of tap water per day. In addition, chlorination during pipe repairs lowered the risk. Altogether, the results from the study strongly indicated that breaks and maintenance work may give rise to sporadic cases of GI in the population.
Intervention studies
Intervention studies are cohort studies with a twist; by inter- The first household intervention trial was conducted by Payment et al. () in Canada. Homeowners with at least one child were recruited and a total of 606 households with 2,408 individuals completed the study. All of the study participants were supplied by water from the same water treatment plant that treated river water with pre-disinfection, flocculation, rapid sand filtration, ozonation, and final disinfection by chlorine or chlorine dioxide. Study participants were randomly assigned to using domestic reverse osmosis units attached to the cold water line. Participants in the control group received no treatment and also knew that their tap water was untreated. Tap water drinkers without treatment had a higher annual incidence of HCGI illness compared to filtered water drinkers and it was estimated that 35% of the reported HCGI among tap water drinkers was attributable to drinking tap water. A dose-response relationship between the amount of tap water drunk and incidence of HCGI was identified for the control group but not for the filtered water group. Although symptoms among cases of HCGI often were similar to norovirus infections there were no differences in seroprevalence of norovirus between unfiltered and filtered tap water drinkers (Payment et al. ) .
A second Canadian household intervention trial was conducted on another study group in the same region (Payment et al. ) . Homeowners with at least one child in the households were recruited. Over 1,000 households containing 5,253 individuals completed the study and participants were randomly assigned to one out of four treatment groups: (1) tap water, (2) tap water with a purge valve installed, (3) bottled water treated with reverse osmosis and ozonation, or (4) bottled water from the water treatment plant. The highest rates of HCGI were observed in the tap-valve group, followed by the tap group. This led the authors to conclude that the excess of HCGI may primarily have been due to distribution-related contamination rather than source water contamination. A positive doseresponse relationship between daily water consumption and HCGI incidence was detected for tap water users older than 12 years, however in children aged 2-12 years, higher tap water consumption was negatively associated with HCGI incidence The authors speculate that this could be because individuals with a high consumption of drinking water at the beginning of the study could have acquired a protective immunity by exposure to low levels of pathogens in the drinking water. No relationship between water consumption and HCGI in the tap-valve group and no correlation between distance to the local water treatment plant and self-reported GI among tap water users was detected during the study. Bottled water from the water treatment plant had high levels of bacterial growth and half of the participants using this type of bottled water dropped out of the study, mainly due to complaints of water taste and odour. The study concluded that 14-40% of GI could be attributed to tap water. 
Future research needs
Existing studies highlight that endemic spread of GI through drinking water is still a problem in high-income countries. the health benefits of reducing GI illness may be substantial.
Children and the elderly have been shown in several studies to be more susceptible to GI compared to the general population. It is therefore important to include these age groups in order to increase the sensitivity of the studies and to assess the magnitude of disease burden in subpopulations at risk.
Due to their usually low concentration and heterogenic distribution of pathogens in drinking water, it is difficult to directly study pathogenic microorganisms in relation to sporadic cases of GI (Allen et al. ) . To perform such studies vast amounts of data are needed and care must be taken to select appropriate indicators to represent the pathogen load in water. Another approach, circumventing this problem, is to study the dose-response relationship between drinking water intake and risk for illness. A dose-response relationship is biologically plausible since pathogens are unevenly distributed in drinking water at the point of use, and higher water consumption should therefore increase the risk of exposure to pathogens in the drinking water. A few of the reviewed studies did indeed report a doseresponse relationship between drinking water and sporadic GI. Quantity of tap water intake is therefore an important variable to be included in epidemiological studies of drinking water-associated GI.
Extreme weather events such as large amounts of precipitation and flooding affects raw water quality and may increase the risk for GI. Surface water is most vulnerable to weather effects but ground water may also be affected. Climate change is estimated to result in more extreme weather events, which also may affect the safety of drinking water. It is therefore important that water treatment plants have sufficient treatment barriers to be able to produce safe drinking water, not only under normal circumstances, but also during more extreme weather situations. Knowledge about the efficacy of microbiological barriers during extreme weather events is, however, limited and needs to be further studied.
Ground water is often considered to require less treatment compared to surface water sources. Studies in this review, however, indicate that ground water production is not always safer with regards to GI. This is because ground water treatment plants often have fewer microbiological barriers, and therefore they are more vulnerable if the raw water becomes contaminated. It is however difficult to directly compare ground and surface water sources because different water treatment methods are used and water consumers often live in different locations with several other factors confounding any possible effects of drinking water.
To evaluate the effects of ground water additional intervention trials comparing ground water and surface water are recommended.
A common problem with many of the studies included in this review is the local variations between studies and lack of statistical robustness, making meta-analysis difficult.
In several of the included studies statistically significant relationships between GI and risk factors disappear when confounding factors are included in the analysis. Since GI is caused by several different pathogens and several routes of transmission, very large datasets are required to detect how drinking water affects the prevalence of GI. Intervention studies are useful for obtaining information about the contribution of drinking water to the endemic levels of GI.
However, intervention trials are costly to conduct and since the studies included in this review mainly examined point of use interventions, it is not possible to assess which factors in drinking water production or distribution contributed to the risk for GI. In order to evaluate specific risk factors other types of studies, especially cohort studies, are more effective.
Health care data and other indirect measurements of GI are often easy to collect and can be used to detect differences in the incidence of GI. There is, however, a risk that pathogens with short duration times, such as norovirus, might be disproportionally under-reported in health care data because people rarely seek medical care for such diseases. This increases the risk for misinterpretation when only health care data is analysed.
We recently published a study correlating microbiological barrier efficacy at 21 water treatment plants with GIrelated telephone triage data. We obtained results showing that, theoretically, lower barrier efficacy increased the incidence of GI symptoms (Tornevi et al. ) . As a complement to the more general results obtained in intervention studies, telephone triage data or cohort studies appear to be cost-effective methodologies when assessing specific risk factors. This may be achieved by using such data before and after changes in water treatment or distribution.
CONCLUSIONS
• Drinking water in high-income countries contributes to endemic levels of GI. There are health benefits for further improvements of drinking water production, especially in view of ongoing climate changes which will put further stress on drinking water production due to more frequent extreme weather events.
• A common problem with many of the studies included in this review is the general lack of statistical robustness and large local variations between studies.
• The drinking water supply chain is complex and the safety of drinking water is affected directly or indirectly by a great number of local factors, such as type of raw water source, land use, climate, etc. This variation offers different challenges when it comes to processing the raw water into drinking water, and also makes it difficult to make a generalized assessment of how much drinking water contributes to endemic GI.
• In order to evaluate the effectiveness of specific water treatments, cohort studies or studies using telephone triage data before and after changes in water treatment or distribution may be a cost-efficient supplement to intervention studies.
